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Diffraction of slow neutrons by nanoparticle-polymer composite gratings has been observed. By carefully
choosing grating parameters such as grating thickness and spacing, a three-port beam splitter operation for
cold neutrons – splitting the incident neutron intensity equally into the ±1st and 0th diffraction orders – was
realized. As a possible application, a Zernike three-path interferometer is briefly discussed.
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Since almost 40 years, neutron interferometers for
thermal neutrons have played an important role in
investigations of fundamental physics1,2. The classic
Mach-Zehnder geometry of the most successful perfect-
crystal interferometers was also implemented using ar-
tificial structures, such as Ni gratings in reflection ge-
ometry combined with mirrors3, or thin quartz glass
phase gratings for very-cold neutron interferometry4.
Multilayer-mirrors have been employed for cold neutron
interferometry5. Gaining ground also as a tool in ma-
terials science, neutron interferometers are increasingly
adopted for neutron phase-imaging and tomography6.
Many interesting effects of fundamental interest that –
due to their subtle nature – are yet to be observed ex-
perimentally, can be investigated using neutron interfer-
ometers (see, for instance, Refs. 1, 7). In some cases, the
rather small expected phase shifts can be enhanced by ex-
tending the interaction time of neutrons with the particu-
lar optical potential – materials or magnetic- and electric-
fields in one of the interferometer paths – needed to probe
a certain effect. Longer interaction times are achieved by
enlarging the potential region and/or using slow neutrons
with long de-Broglie wavelength. While the former is of-
ten difficult to realize for technical reasons or simply due
to lack of space, the latter comes at the cost of neutron
flux with today’s neutron sources. Provided that efficient
neutron-optical devices – mirrors and beam splitters – ex-
ist to avoid abolishing the advantage of slow-neutron in-
terferometry by lack of intensity, cold and very-cold neu-
trons (0.5>λ> 10nm) can offer a fair trade-off between
neutron flux and interaction time. Mach-Zehnder inter-
ferometers for cold neutrons, based on holographic poly
(methyl methacrylate) diffraction gratings, were tested
in the past8. Only recently, it has been shown that
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FIG. 1. Sketch of the experimental setup.
holographic nanoparticle-polymer diffraction gratings are
well suited for use as optical components in neutron inter-
ferometry. Such beam splitters9,10 and free-standing film
mirrors11 exhibit diffraction in the Bragg regime (two-
wave regime) so that no intensity is wasted to undesired
diffraction orders. In this Letter, a holographic SiO2
nanoparticle-polymer neutron diffraction grating is pre-
sented that acts as a three-port beam splitter for cold
neutrons at wavelength λ = 1.7nm, i.e. the incident
beam is coherently split into three beams of equal in-
tensity.
Holographic gratings are produced by using a conven-
tional holography setup. Coherent plane-wave signal and
reference light-beams are superposed enclosing a certain
crossing angle at the position of the recording mate-
rial. Upon illumination with the resulting sinusoidal spa-
tial light pattern, a sinusoidal neutron refractive-index
modulation occurs in the recording material. It is pro-
portional to the modulation of the coherent scattering
length density bc∆ρ. Such a holographic grating is de-
scribed by the periodically modulated refractive index
2n(x) = n + ∆n cos (2pix/Λ). Here, ∆n = λ2 bc∆ρ/(2pi)
and Λ are the refractive-index modulation amplitude and
the grating spacing, respectively. The quantities bc and
∆ρ are the coherent nuclear scattering length of the ma-
terial and the number density modulation of the holo-
gram, respectively.
Inorganic nanoparticles embedded in a photopolymer
matrix (nanoparticle-polymer composites) have already
been investigated12 for light-optics applications. A par-
ticular advantage of nanoparticle-polymer gratings – ex-
pected to boost their impact on neutron optics – is the
possibility to tune the refractive-index modulation ∆n
by choosing a suitable value of bc, i.e. the species of
nanoparticles. At the moment, a drawback is that due
to detrimental holographic light-scattering in such thick
composite films possessing large ∆n during recording,
∆n is reduced along the sample depth. As a result,
grating thickness may be limited to the order of 100 mi-
crons, which is too small for reaching 50% or 100% re-
flectivity for cold and very-cold neutrons. Fortunately,
optical elements are still feasible by exploiting the so-
called Pendello¨sung interference effect predicted by dy-
namical diffraction theory1: due to superposition of two
neutron waves formed in the periodic potential of crys-
tals and also holographic gratings, the output neutron
intensity is swapped back and forth between diffracted
and forward-diffracted (transmitted) beams, depending
on the thickness13 of the sample and the incident neutron
wavelength14. Thus, crystals or gratings can be tilted
around an axis parallel to the grating vector15, thereby
changing the effective thickness. This allows to control
the diffraction efficiency (reflectivity) to some extent10.
The SiO2 nanoparticles used for the present studies
have an average core diameter of about 13 nm. They
were produced by liquid-phase synthesis and dissolved
in a methyl isobutyl ketone solution. The SiO2 sol was
dispersed to methacrylate monomer. The nanoparticle
concentration was 20 vol%. As radical photoinitiator,
1wt.% titanocene (Irgacure784, Ciba) was added to en-
able the monomer to photo-polymerize at wavelengths
shorter than 550 nm. The mixed syrup was cast on a
100-µm spacer-loaded glass plate and dried. Then the
sample was covered with another glass plate to obtain
a nanoparticle-monomer film. Note that, prior to holo-
graphic recording, the photoinitiator, the monomer and
the nanoparticles were homogeneously mixed in the sam-
ple material. Two expanded, mutually coherent and s-
polarized laser beams at a wavelength of 532nm were
superposed at a crossing angle of about 30◦ to create a
spatially sinusoidal light-intensity pattern with a grating
spacing of Λ = 1µm in the sample. The beam diam-
eter was about 1 cm. The light pattern induced poly-
merization in the bright sample regions, a process that
consumes monomers. As a consequence of the growing
monomer-concentration gradient, nanoparticles counter-
diffused from bright to dark regions12. This results in
an approximately sinusoidal nanoparticle-concentration
pattern. Homogeneous illumination after recording was
FIG. 2. Rocking curve measured at wavelength λ = 1.7nm
and grating tilt angle ζ = 56◦. At θ = 0, the intensities of
±1st and 0th diffraction orders are approximately equal and
the grating acts as a three-port beam splitter.
made in order that the sample was fully polymerized
and the nanoparticle density-modulation was fixed. It
is found that similar samples stored under ambient con-
ditions have not changed their light-diffraction properties
for at least 7 years.
Neutron diffraction by such gratings was investigated
at the instrument SANS I of the SINQ spallation source
at the Paul Scherrer Institut (PSI) in Villigen, Switzer-
land. The measurement principle is sketched in Fig. 1.
The gratings were mounted in transmission geometry.
Tilting the gratings to the angle ζ around an axis par-
allel to the grating vector – in order to adjust the effec-
tive thickness – the incident angle θ was varied to mea-
sure rocking curves in the vicinity of the Bragg angle
θB. The neutron wavelength distribution of the incident
beam is typically 10%. The collimation-slit width and
distance were chosen so that the beam divergence was
about 1mrad. We defined the diffraction efficiency of
the ith diffraction order as ηi = Ii/Itot, where Ii and
Itot are the measured intensities of the i
th diffraction or-
der and the total intensity of transmitted and diffracted
beams, respectively. For each incident angle θ, the sum
over all 2D-detector pixels in each separated diffraction
spot (see Fig. 1) – associated to one diffraction order –
was calculated and the obtained intensities (corrected for
background) plugged into the above equation for ηi. The
resulting rocking curve is plotted in Fig. 2. Here, the in-
cident neutron wavelength was λ = 1.7nm and ζ = 56◦.
At this tilt angle, the effective thickness of the grating
is about 163 microns. Note that in addition to the ±1st
diffraction orders, the ±2nd diffraction orders are clearly
visible. However, at θ = 0, the ±2nd diffraction orders
3FIG. 3. (a) Sketch of a Zernike interferometer for very-cold
neutrons with three-port beam splitter (3P-BS), and sym-
metrically slanted mirror grating (M). (b) Close-up of the
expected interference pattern. Introducing a sample on the
central beam, the intensity pattern is shifted along the z di-
rection, which results in a variation of peak intensities at the
detection plane D, where the highest sensitivity is achieved.
decrease to η±2 ≃ 0.06, while the ±1
st and 0th orders ex-
hibit approximately the same values of about 0.3 . Thus,
apart from negligible losses to the±2nd diffraction orders,
at normal incidence angle the incoming neutron wave is
coherently split into three separated beams of equal in-
tensity. The grating acts as a three-port beam splitter
with overall efficiency η−1+η0+η+1 of almost 0.9, which
is close to the theoretical upper bound of about 0.9316.
A three-port beam splitter could be the central
building-block of a Zernike three-path interferometer17
for very-cold neutrons, as sketched in Fig. 3(a). Choos-
ing suitable intensity ratios and phase relations between
the three beams results in a neutron interference pat-
tern with periodicity λ/(2 sinα) in x direction, where
2α is the angle enclosed by the ±1st order beams su-
perposed at the detection plane [marked ‘D’ in Fig. 3(a)].
An additional phase shift introduced on the central beam
manifests as a shift of the interference pattern along the
optical axis (z direction) rather than a lateral shift of
fringes. At the detection plane D, the introduced phase
shift can be extracted from the resulting change of peak
intensities of the observed pattern. To avoid aberration
effects, recombination of the neutron beams at D can
be achieved by using diffraction gratings as mirrors11
[marked ‘M’ in Fig. 3(a)]. For the periodicity of the in-
terference pattern in x direction to be large enough for
detection, two symmetrically slanted mirror-gratings can
be recorded in one single nanoparticle-polymer compos-
ite sample in order to decrease the angle 2α. Suppose
we require to maintain at least 1 cm separation between
the three beams (of 1mm width, say) at point M to con-
veniently insert a sample into the central beam. From
geometrical considerations, it is found that for an inci-
dent neutron wavelength of λ = 8nm and a three-port
beam splitter with a grating spacing of Λ = 0.5µm, the
interference pattern formed along the x direction at D can
have a periodicity of 1µm at a beam splitter-to-detector
distance of about 3.75m. The pattern is spread 25cm
along the optical axis and at most 1mm along the x di-
rection. A close-up of the expected intensity pattern is
shown in Fig. 3(b). It can be observed by scanning the
x position of an absorption grating at D in front of a
neutron detector. Neutron-absorption gratings of suffi-
ciently small periodicity can already be produced by in-
clined sidewall evaporation of Gd on a Si grating18 or
by holographic recording of CdSe nanoparticle-polymer
gratings19, for instance. Note that – for the given ex-
perimental parameters – a phase shift as small as λ/100
introduced on the central beam is transferred to a spatial
shift of the intensity pattern along the z direction as large
as 10µm. Also, we do not expect overly stringent re-
quirements for grating adjustment and beam collimation
because nanoparticle-polymer composite gratings feature
an angular selectivity – approximately given by the width
of the rocking curve Λ/d – that is reduced by about one
order of magnitude as compared to the gratings for the
interferometers described in Refs. 8.
To conclude, we have demonstrated the implementa-
tion of a holographic SiO2 nanoparticle-polymer compos-
ite grating as a three-port beam splitter for cold neutrons.
As an example, we have briefly discussed its application
in a Zernike three-path interferometer. Next to reaching
high phase-sensitivity, such an instrument could also be
used in a precision test of Born’s rule20 for matter-waves.
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